Abstract. Despite modern technological advances, the creation of powerful, energy-intensive and environmentally friendly energy storage devices is an actual problem. Lithium-ion batteries (LIBs), which have a high density of stored energy and low self-discharge, are the priority in the list of advanced energy storage devices. Performance of LIB depends on the composition and structure of the materials used to create the cathodes and anodes. Recently, among the new materials focusing on graphene combines a number of unique properties of the defining prospects use as electrode materials. This review summarizes the modern main achievements of the period from 2013 by 2015 in the area of graphene application and composite materials on its basis, as materials for the LIB electrodes.
INTRODUCTION
Nanomaterials of various composition and morphology are widely used in research works on creation of innovative electrodes for LIB [1] . Despite of large number of commercially available LIBs types [2] [3] [4] [5] [6] [7] [8] they do not meet the requirements of various consumers, both military and civil. There is a need of increase of capacity, rate of the charge/discharge, cycle-life, decrease in cost value of LIB, reduction of toxicity and fire danger. This initiates a search of new materials [9, 10] and batteries manufacturing technology that would allow producing light, compact and more capacitive devices of energy storage.
One way of solving these problems is use of a graphene as a part of the electrode material [11, 12] . Graphene has a high conductivity, a high surface area (2640 m 2 •g -1 ) and capabilities of withstanding the enormous current density (more than 10 7 A•cm -2 ) [13] . Maximum of charge carrier mobility in singlelayergrapheneat room temperature is 200.000 cm 2 •V −1 •s −1 [14] . Graphene is the most durable material (Young's modulus 1TPa) and it can be subjected to considerable deformation without breaking the crystal lattice [15] . The next advantage in favor of the use of graphene in the LIB is the use of its derivatives, such as graphene oxide. At this time the graphene and graphene oxide are made by a row of companies [16, 17] and these materials are quite available.
GRAPHENE AS AN ANODE MATERIAL FOR LIB
The high surface area, high electrical conductivity, strength and plasticity of graphene point out to applicationway of graphene as ananode material for a LIB. Especially that graphite uses in LIBs produced by modern industry successfully, and intercalated capacity (that is, the quantity of electricity, which can be transferred to fully charged electrode, per unit mass or volume) of graphite relative to the lithium electrode is 372 mA•h•g -1 [2] . In most publications, Hammers' method uses as a main synthesis method of graphene for anodes LIB [12] , which is compared with the CVD synthesis method is technically more simple. Research results indicate values of intercalation capacity of graphene from 165 to 1400 mA•h•g -1 of that in the case of high values of capacitance are not consistent with the theoretical model of intercalation (inserts between layers)/deintercalation of lithium into the graphite structure [1] . However, some authors do attempts a theoretical explanation of the increased intercalation capacity of graphene compared to graphite [42] [43] [44] [45] by the presence of defects in the structure of graphene flakes.
ANODE MATERIALS BASED ON SPHERES OF GRAPHENE
Some scientists give various forms to cathode materials for increasing of them capacity, for example, it is demonstrate the possibility of spheres creation from graphene flakes [46, 47] . The method was based on few steps: it is needed into aqueous dispersion of graphene oxide poured slowly an olive oil which warmed up to 90°C; after that the mixture was heated to 95°C for gradually evaporating water. Next, spheres thus obtained ( Fig. 1) were separated from the dispersion by centrifugation, followed by thermal reduction to form graphene.
Electrochemical tests of the resulting microspheres as the anode material showed excellent results, the maximum discharge capacity (MDC) in the first cycle charge/discharge was 903 mA•h•g −1 at a discharge current of C/18, upon further cycling capacity of the material decreased to 652 mA•h•g 
ANODE MATERIALS BASED ON TIN AND GRAPHENE
Graphene as the anode material is modified with various additives [48, 49] . There are a number of metals wich have reversible intercalation capacity relative to lithium. For example, for usable tin a value is 991 mA•h•g −1 [3] andit makes the metal very promising anode material. However, lithium increases a volume of the crystal lattice of tin more than 3 times during doping process, that [46] NANOSYSTEMS DENIS Yu. KORNILOV, SERGEY P. GUBIN inevitably leads to the gradual destruction of the electrode. In that context researchers do large amount of scientific work around the world to find ways to stabilize the anode based on tin during cycling.
Formation containment made of graphene is one of ways to increasing of electrochemical strength and capacity of anode materials based on tin. Qin et al. [50] have obtained tin/ graphene composite by mixing graphene oxide and tin ethylhexanoate in ethanol, followed by autoclaving at 160°C for 10 hours. This resulted in reduction of the graphene oxide flakes to form of tin nanoparticles on their surface with size of 3 to 5 nm, MDC = 811 mA•h•g −1
(500 charge/discharge cycles). It is shown that increasing of tin particle size from 100 to 300 nm results in decreasing of capacitive indicators (MDC = 440 mA•h•g −1 , 55 charge/discharge cycles) [51] [52] [53] .
Variation of tin particles form does not lead to an improvement in capacity characteristics. Liu et al. [54] , 50 charge/discharge cycles). Sometimes scientists use tin oxide on the anode surface as a source of tin. Dhanabalan et al [56] have obtained composite of tin oxide/ graphene by method of solution synthesis, MDC was from 534 to 737 mA•h•g −1 for 70 cycles. Also modification of graphene can be used. For example, Lin et al. [57] have used nanoribbons of graphene (made of carbon nanotubes [58] ), with tin oxide nanoparticles.As a result a composite anode material was obtained with MDC 825 mA•h•g −1 during 50 charge/discharge cycles. Thus, it is shown that modification of graphene-based anode with metals in various forms can significantly improve the capacitive characteristics.
ANODE MATERIALS BASED ON SILICON AND GRAPHENE
The theoretical intercalation capacity of silicon relative to lithium is sufficiently high (4200 mA•h•g −1 [1] ), that attracts the attention of researchers to creation of anodes based on it. However, as in the case of tin, volume of the material increases by 4 times at introduction of lithium ions into crystal lattice of silicon, which leads to the destruction of the electrode within 10-20 charge/discharge cycles.In order to eliminate this negative effect, researches try to create a composite material silicon/ graphene.
Synthesis of composite materials based on silicon and graphene is carried out by solution methods in two ways: by volatile metal-organic compounds (MOC) chemical vapor deposition (CVD) or by mixing silicon nanoparticles with flakes of graphene. Zhou et al. [59] produced an ultrasonic dispersion of solution containing silicon nanoparticles with an average size up to 100 nm and flakes of graphene oxide, then the resulting dispersion was filtered out and the product of synthesis was subjected to high-temperature treatment. The high value of MDC=1500 mA•h•g The change of morphology of silicon nanoparticles, like a transition to whiskers, allowed increasing the capacity up to 1600 mA•h•g −1 for 100 charge/discharge cycles [61] . Changing of morphology of currentcollector material can also affect the capacity at a current of 3C during over 300 charge/discharge cycles.
In most studies tetrachlorosilane is used as a source of silicon for the CVD method [63, 64] , which decompose at temperatures above 700°C with formation of silicon. Thus, dispersion of graphene oxide in water with a concentration of 0.7 mg/ml was frozen in liquid nitrogen in research work [65] . The resulting sample of graphene oxide was reduced by hydrogen at 1000°C. Next, according to research work [63] , tetrachlorosilane was introduced by injection, as result of which on the surface of the reduced graphene oxide flakes were formed silicon nanoparticles with a size of 5 to 10 nm. Authors have achieved the MDC equal 1103 mA•h•g −1 for 1000 cycles at 14C charge current, discharge current was 2C, also they have reproduced achieved capacity characteristics of the anode in the model assembly of LIB, where LiCoO 2 was used as a cathode. In this research the degree of volume changes during the intercalation as for silicon nanoparticles so too for the whole of anode material was investigated in detail. It is established increase of the volume of silicon nanoparticles by intercalation of lithium into their crystal lattices, and comeback to the original volume at deintercalation, i.e. nanoparticles' vary reversibly, but the electrode as a whole remains unchanged (Fig. 2) . were obtained in [64, 65] , where material having a tubular morphology based on layers of silicon and graphene was created.
Thus, it is shown that the combination of high intercalation capacity of silicon, high mechanical strength and electrical conductivity of graphene allows to create promising materials for anode of LIB. Thus, MDC varied just in range of 130 to 250 mA•h•g −1 depending on rate of the charge and discharge for composites of titanium oxide/ graphene [66] [67] [68] [69] [70] . A similar composite gave out MDC levels at 247, 238, 225, 210, 187 and 175 mA•h•g −1 at discharge currents of 0.1, 0.2, 0.5, 1, 2.5, and 5C, which was described in [69] .
ANODE MATERIALS BASED ON METAL OXIDES AND GRAPHENE
Modification graphene oxide by microwave processing in a composite of titanium oxide/ graphene [71] did not lead to a substantial increase of MDC and it was 150 mA•h•g −1
.
Modification of titanium oxide by tin oxide additives leads to a significant increase in capacity characteristics at a discharge current of 0.1, 0.2, 0.5 and 1C, MDCs was 1473, 1043, 814 and 570 mA•h•g −1 [72] . Lithium titanate (LTO) relate to the compounds of titanium having the intercalation capacitance, and it is used in industrial output lithium-ion batteries.The maximum theoretically possible intercalation capacity of this material is 175 mA•h•g −1 [73] , which is considerably inferior to graphite used in the Fig. 2 . SEM image layer of anode material during cycling [63] . ) has no influence on the capacitive characteristics. Apparently, the same form of the metal realized for three cases of valence in the first cycles of the LIB charge/discharge.
NANOSYSTEMS
The above methods of formation of metal oxide/graphene composites as a material for anodes LIBs usually used for anode materials with other oxides also. So in some research [78, 79] Essentially similar results were obtained in [79] where the MDCs was 1100, 900, 680 and 610 mA•h•g −1 at discharge currents of 0.1, 0.5, 5 and 10C. At the same time, an interesting method was proposed in [80] . The authors [80] have applied the method «spraypyrolysis», which consists in spraying the solution containing flakes of graphene oxide and the salt of Mo (VI) in a chamber at 900ºC.The discharge capacity of the result material was 975 mA•h•g −1 for 100 cycles.
GRAPHENE AS A MODIFICATOR OF LITHIUM ANODE
Recall that one of the first materials used as an anode of LIB was the metallic lithium pure and simple. One of disadvantages of the material is dendrites which formed on the LIB anode surface under a sufficiently long cycling and germinated through a separator that led to short circuit with a cathode. Thus, coating film of reduced graphene oxide for lithium makes it possible to eliminate the germination dendrites [81] .
Kim et al. [82] have used another approach and they have transferred CVD graphene on a surface of lithium foil. The capacitance of developed electrode was 4 mA•h•cm −2 in terms of unit surface. This means that the graphene layer resists the formation and sprouting of dendrites. These first experiments indicate the possibility of the use of graphene as a protective coating of lithium anode, and therefore the possibility of increase of capacity of LIB with the use of new high-capacity and safe anode.
CONCLUSION
From this brief review of the first publications follows that graphene having a set of unique properties has to find widespread use in modern LIBs, not only as an anode material but also as a conductive additive, the reinforcing element and the protective coating. The large range of used synthesis methods allows creating a graphene-based functional materials with various morphology, physical and chemical characteristics, this is a huge advantage of it over other tested materials.
NANOSYSTEMS ANODE MATERIALS BASED ON GRAPHENE FOR LITHIUM-ION BATTERIES

